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C O N S E Q U E N C E S  OF N E S T B U IL D IN G  B E H A V IO U R  
FOR O S M O R E G U L A T IO N  IN M A L E T H R E E -S P IN E D  
S T IC K L E B A C K S
by
é
A. J .  H .  D E  R U I T E R  a n d  S. E. W E N D E L A A R  B O N G A )
(D epar tm en t  of Animal Physiology, University  of G ron ingen ,  
P .O .  Box 14, 9750 AA H a re n ,  T h e  N etherlands)
(W i th  6 f igures)
( A c t .  7-IX-1984)
D u r i n g  the last d ec ad e s  the  c o m p l ic a te d  b e h a v i o u r  o f  th re e - sp in ed  
s t icklebacks  has  not only  a t t r a c t e d  the  a t t e n t io n  o f  e thologis ts ,  b u t  also o f  
m a n y  s tu d e n t s  o f  o s m o re g u la t io n .  T h e  m ig r a t o r y  b e h a v io u r ,  as show n  
especial ly  by the trachurus fo rm o f  the th re e - s p in e d  s t ick leback ,  m a k es  
high d e m a n d s  u p o n  the o s m o r e g u l a to r y  capac i t ies  o f  the  fish d u r i n g  its 
j o u r n e y  from f re sh w a te r  to s e a w a te r  a n d  vice versa .  M a n y  inves t iga to rs  
have  s tud ied  the physiological  m e c h a n i s m s  o f  a d a p t a t i o n  tha t  en a b le  
these fish to live in e n v i r o n m e n t s  tha t  a re  totally d if ferent  in osm ola l i ty  
a n d  ion co m p o s i t io n  ( K o c h  & H e u t s , 1943; L a m , 1968; W e n d e l a a r  
B o n g a , 1973, 1976; W e n d e l a a r  B o n g a  & V e e n h u i s , 1974a,  b; see also 
VVo o t t o n , 1976).
T h e  n e s tb u i ld in g  b e h a v io u r  d isp layed  by m a le  s t icklebacks  d u r i n g  the 
r e p r o d u c t iv e  pe r iod  r eq u i re s  o s m o r e g u la to r y  a d a p t a t i o n s  as d ras t ic  as 
s e a w a rd  m ig ra t io n .  H o w e v e r ,  w h e re a s  m ig ra t io n  is sh o w n  by m a n y  
o th e r  fish, the n e s tb u i ld in g  b e h a v io u r  o f  s t icklebacks  has  c o n s e q u e n c e s  
for o s m o r e g u la t io n  tha t  a re  qu i te  u n iq u e  a m o n g  the m o re  th a n  20 ,000  
species o f  teleosts.  T h e  m a te r ia l s  selected for n e s tb u i ld in g  by m a le  
s t icklebacks  a re  g lued  to g e th e r  wi th  a m u c o u s  s u b s t a n c e  secre ted  by the 
k idneys .  T o  this e n d  the k idneys  a re  t r a n s f o r m e d ,  s t ru c tu ra l ly  a n d  f u n c ­
t ional ly ,  f rom an  im p o r t a n t  o s m o r e g u la to r y  o r g a n  into a m u c u s  secre t ing  
g land .  T h i s  p h e n o m e n o n  offers the  o p p o r t u n i t y  o f  s tu d y in g  the osm ot ic  
a n d  ionic hom eos ta s i s  in a f r e sh w a te r  fish tha t  lacks n o r m a l  k idney  f u n c ­
t ions.  O u r  s tud ies  h av e  been  c o n c e r n e d  w i th  the g l a n d u l a r  t r a n s f o r m a ­
tion o f  the  k idneys ,  the e n d o c r in e  con tro l  o f  this p rocess ,  a n d  its c o n s e ­
q u e n c e s  for h y d r o m in e r a l  con tro l .
) Present address: D epa r tm en t  of Zoology, University  of N ijm egen ,  T h e  Netherlands.
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Some principles of hydromineral regulation in freshwater fish
Ion c o n c e n t r a t i o n s  in the b lood  a n d  o th e r  body  11 uicls a re  m a i n t a i n e d  at 
r a t h e r  c o n s t a n t  levels,  which  resul ts  in an  osm ola l i ty  o f  a b o u t  330 
m O sm o l /1  in f r e sh w a te r  s t icklebacks.  F r e s h w a te r  is s t rong ly  hy po ton ic  
c o m p a r e d  to the b o d y  fluids (less th a n  5 m O sm ol /1 ) ,  a n d  this resul ts  in 
o sm ot ic  w a te r  influx a n d  loss o f  ions via the gills ( C o n t e , 1969). T h e  
k idneys  n o rm a l ly  p lay an  i m p o r t a n t  role in the e l im in a t io n  o f  the w a te r  
s u rp lu s ,  v ia  exc re t ion  o f  la rge  v o lu m e s  o f  u r in e  ( H i c k m a n  & T r u m p , 
1969). D u e  to the h igh io n - re a b so rp t iv e  capac i ty  o f  the k idney  tubu le s ,  
the  e l im in a to n  o f  the w a te r  can  take place w i th o u t  su b s tan t ia l  loss o f  ions 
( H i c k m a n  & T r u m p , 1969). A n y  loss o f  ions via u r in e  o r  via diffusion 
t h r o u g h  the gills a re  c o m p e n s a t e d  by act ive u p ta k e  o f  ions from the food
in the in tes t ine  a n d  f rom the a m b i e n t  w a te r  bv the ch lo r ide  cells in the/
gills ( C o n t e , 1969; B i e r t h e r , 1970). T h u s ,  in n o r m a l  f r e sh w a te r  fish the 
k idneys ,  in tes t ine  a n d  gills a re  vital o rg a n s  for m a i n t a i n i n g  w a te r  a n d  ion 
h o m eo s ta s i s .  It is the re fo re  s u rp r i s in g  tha t  m a le  s t icklebacks can  live in 
f r e sh w a te r  with the i r  k idneys  t r a n s f o r m e d  into m u c u s  g lands .
Structure and function of the normal stickleback kidney
T h e  k idneys  a re  loca ted  in the b o d y  cavi ty ,  baso la te ra l ly  to the spinal  
c o lu m n ,  a n d  consis t  o f  n u m e r o u s  n e p h r o n s — coiled tubu le - l ike  s t ru c tu re s  
— e m b e d d e d  in h a e m a to p o ie t i c  t issue.  T h e  n e p h r o n s  a re  c o n n e c te d  by 
shor t  b r a n c h e s  to the  two u re te r s ,  which  ru n  la tera l ly  o f  the k idneys  a n d  
t e r m in a t e  in the  u r i n a r y  b la d d e r .  A n e p h r o n  consis ts  o f  a renal  co rpusc le ,  
a n d  the a t t a c h e d  n e p h r o n ic  tu b u le  which  consis ts  o f  four  segm en ts .
T h e  rena l  co rpusc le  consis ts  o f  a B o w m a n  s capsu le  with inside a tuft 
o f  b loodcap i l la r ie s ,  the  g lo m e ru lu s .  In the th re e - sp in e d  s t ickleback the 
ren a l  co rpusc les  a re  s i tu a ted  in small  g ro u p s ,  most ly  a t  the p e r ip h e ry  of 
the k idney .
T h e  n e p h r o n i c  tu b u le s  consis t  of a shor t  n e c k - s e g m e n t ,  which connec ts  
the B o w m a n ’s capsu le  to the r e m a i n i n g  p a r t  o f  the tu b u le ,  a n d  th ree  
m a i n  s e g m e n ts ,  n a m e ly  the  first a n d  second  p ro x im a l  s e g m e n ts  a n d  the 
r e m a i n i n g  co l lec t ing  tu b u le ,  w h ich  o p en s  into the u re te r s  (Figs 1 a n d  2).
A g lo m e r u l a r  fi l trate is fo rm ed  by m e a n s  of u l t ra f i l t ra t ion  o f  the blood.  
T h i s  is p rocessed  in to  u r in e  in the n e p h r o n i c  tu b u le  s eg m e n ts ,  via r e a b ­
so rp t ion  a n d  secre t ion  o f  su b s ta n c e s  such  as ions,  small  p ro te in s ,  suga rs  
a n d  a m i n o  acids.  R e a b s o r p t io n  of ions,  w a te r  a n d  m a c ro m o le c u le s  takes 
place in the first p ro x im a l  s e g m e n t ,  while  in the o th e r  s e g m e n ts  m a in ly  
ions a n d  w a te r  a re  r e a b s o rb e d .
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Fig. 1. Photom icrograph of a part of an im m atu re  freshwater male stickleback renal sec­
tion showing a g roup  of renal corpuscles. O n e  ol them is showing the a t tachm ent ol the 
neck segment (/is) and  the first proximal segment (P I)  ol the nephronic  tubule  with 
B ow m an 's  capsule (Sc), (gtom) g lomerulus; (cl) capillary lum en .  S ilverm ethenam ine  s ta in ­
ing. x 475.
A so cal led basa l  l a b y r in th  is p re sen t  in the basa l  p a r t s  o f  the  epi thel ia l  
cells o f  bo th  the  p ro x im a l  s e g m e n ts  a n d  the col lec t ing  tu b u le  (Fig.  4A). 
T h e  basa l  l a b y r in th  is an  in t race l lu la r  m e m b r a n e  sys tem ,  cons is t ing  ol 
m e m b r a n e  folds c o n n e c te d  with  the  basa l  a n d  la te ra l  cell m e m b r a n e s  
( W e n d e l a a r  B o n g a  & V e e n h u i s , 1974a,  b; Figs 2 a n d  4A).  T h e  p resence
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o f  a basa l  l a b y r in th  is ch a rac te r i s t i c  for ion a n d  w a te r  t r a n s p o r t i n g  cells 
( B e r r i d g e  & O s c h m a n , 1972). It is gene ra l ly  a c c e p te d  tha t  ion t r a n s ­
p o r t in g  e n z y m e  sys tem s ,  e.g. N a  + / K +  a c t iv a te d  A T P a s e ,  a re  loca ted  in 
the la te ra l  cell m e m b r a n e s  a n d  especia l ly  in the m e m b r a n e s  o f  the basal
l a b y r in th  ( D i b o n a  & M i l l s , 1979; F l i k  ct a t ,  1980). T h e s e  e n z y m e  
sy s tem s  uti l ize A T P  p r o d u c e d  by m i t o c h o n d r i a ,  w h ich  a re  closely 
a ssoc ia ted  with  the m e m b r a n e s  o f  the basal  l a b y r in th  (Figs 2 a n d  4A).  
T h u s  in s u m m a r y ,  the k idneys  o f  f r e sh w a te r  fish a re  c h a ra c te r i s e d  by a 
h igh g l o m e r u l a r  f i l t ra t ion  ra te  a n d  a h igh io n - r e a b s o rp t iv e  ac t iv i ty  in 
c o m p a r i s o n  to s e a w a te r  fish.
Effccts of testosterone on structure and function of the stickleback  
kidney
In  sp r in g ,  r i s ing  w a t e r  t e m p e r a t u r e  a n d  in c re a s in g  d a y l e n g th  s t im u la t e  
the p r o d u c t io n  o f  t e s to s te ro n e  in the  g o n a d s  o f  the m a les  ( B a g g e r m a n , 
1957, 1966, 1968; G o t t f r i e d  & v a n  M u l l e m , 1967). T h i s  a n d r o g e n  
plays  a n  i m p o r t a n t  role in s p e r m a to g e n e s i s  a n d  is essen t ia l  for the  
d e v e l o p m e n t  o f  the s e c o n d a r y  sex c h a rac te r i s t i c s ,  such  as n u p t ia l  c o lo r a ­
tion o f  the sk in ,  as well as r e p r o d u c t iv e  a n d  n e s tb u i ld in g  b e h a v i o u r
( H o a r , 1962; W a i  & H o a r , 1963; B a g g e r m a n , 1966, 1968; see also 
W o o t t o n , 1976). As soon as the n u p t i a l  co lo ra t ion  o f  the skin b e c o m e s  
n o t iceab le ,  the  first s igns o f  g l a n d u l a r  ac t iv i ty  a p p e a r  in the k idneys .  T h e  
m os t  i m p o r t a n t  s t r u c tu r a l  c h a n g e s  in the  k idneys  c o n c e rn  the t r a n s f o r ­
m a t io n  o f  the second  p ro x im a l  t u b u le  a n d  the co l lec t ing  tu b u l e ,  w h ich  
c o m p r i s e  a b o u t  9 0 %  o f  the  n e p h r o n i c  tu b u le  cells (Fig.  2). T h e  basa l  
l a b y r in th  a lm o s t  c o m p le te ly  d i s a p p e a r s  in these  s e g m e n t s ,  p r o b a b ly  as a
Fig. 2. D iag ram  of  a nephron  o f  a sexually im m atu re  and  a sexually m a tu re  male 
stickleback. In the glomeruli of m a tu re  males the capillary lu m in a  (cl) and  n u m b e r  of 
fenestrations (ƒ) in the endo the l ium  (end) are smaller. In these males the filtration barr ie r  
(fir, = capillary wall) has thickened, while the n u m b e r  of  f i l t ra t ion-sl i t-m em branes between 
the pedicels (ped) o f  the podocytes (pod) also has decreased. T h ese  p h e n o m e n a  point to a 
reduced  g lom eru la r  filtration rate. In contras t  to im m a tu re  males in the m a tu re  male 
nephron ic  tubule  cells o f  the second proximal segm ent ( / J^ ) an d  the collecting tubule  (C T )  
the basal labyrin th  (b) and  closely associated m itochondr ia  (mil), characterist ic  s truc tures  
for ion reabsorptive cells, almost have completely d isappeared .  T h e  cytoplasm of  these 
cells is almost completely occupied by stored secretory g ranu les  (ig) an d  g ra n u la r  e n ­
doplasmic re t icu lum  (ger\ m ain ly  in the P2), which is very characterist ic  for m ucus  
secreting cells. T h e  single epithelial cells of  the three m ain  segm ents  are d raw n  to scale to 
d em o n s tra te  the considerable differences in cell size between im m a tu re  and  m a tu re  males.
(nu) nucleus; (Gu) Golgi ap p a ra tu s ;  (mu) microvilli.
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Fig. 3
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resul t  o f  a u t o p h a g o u s  d iges t ion .  T h i s  implies  tha t  the  ion r e a b s o r b in g  
capac i ty  ol the  k idneys ,  a n d  thus  the capac i ty  to p r o d u c e  h y p o to n ic  
u r in e ,  is g rea t ly  r e d u c e d .  S im u l t a n e o u s ly  these cells h a v e  g ro w n  c o n ­
s ide rab ly  a n d  an  ex tens ive  g r a n u l a r  e n d o p la s m ic  r e t i c u lu m  deve lopes ,  
especia l ly  in the second  p ro x im a l  s e g m e n t .  T h e  Golgi  a p p a r a t u s  also p r o ­
liferates a n d  s ta r ts  fo rm in g  sec re to ry  g ra n u le s .  A f te r  this t r a n s f o r m a t io n ,  
the cells o f  the  second  p ro x im a l  tu b u le  show  all the  s t ru c tu ra l  
cha rac te r i s t ic s  o f  se rous  g la n d  cells a n d  those o f  the col lec t ing  tu b u le  a t ­
tain the a p p e a r a n c e  typical of  m u c o u s  cells ( d e  R u i t e r  & M e i n , 1982; 
Fig. 2). T h e  t r a n s f o r m e d  k idney  o f  a sexual ly  m a t u r e  s t ickleback 
r e sem b le s  a sa l ivary  g lan d  m o re  th an  an  exc re to ry  o rg a n  a n d  has  in ­
c reased  u p  to sevenfold  in size.
T h i s  g l a n d u la r  t r a n s f o r m a t io n  of  the k idney  can  also be in d u c e d  e x ­
p e r im e n ta l ly  by a d m in i s t r a t i o n  o f  m e th y l t e s to s te ro n e  to c a s t r a te d  m ales  
or  ( in tac t )  females  ( W a i  & H o a r , 19(53; M o u r i e r , 1972; d e  R u i t e r  & 
M e i n , 1982). F u r t h e r m o r e ,  o u r  in vitro s tud ies  have  show n  that  the effect 
o f  te s to s te rone  on the  k idnevs  is d i rec t ,  a n d  not m e d ia t e d  by o th e r  hor-J * /
m o n e s ,  s ince the g l a n d u l a r  t r a n s f o r m a t io n  can  also be in d u c e d  in small  
k idney  pieces c u l tu r e d  for 10 days  in the p re sence  o f  te s tos te rone  ( d e  
R u i t e r  & M e i n , 1982).
T h e  c h a n g e s  in the- n e p h r o n i c  tu b u le s  a re  a c c o m p a n ie d  by c h a n g e s  in 
the g lom eru l i .  At light m icroscop ic  level, m e a s u r e m e n t s  have  show n  that  
in sexual ly  m a t u r e  m a les  the  d i a m e t e r  o f  the rena l  corpusc les  a n d  of  
g l o m e r u l a r  b loodcap i l la r ies  dec reases  m a r k e d ly ,  which  po in ts  to a r e d u c e d  
g lo m e r u la r  b loodflow ( d e  R u i t e r , 1980a; Fig. 3). In a d d i t io n ,  e lec t ron  
m icroscop ica l  o b se rv a t io n s  have  c lear ly  sh o w n  tha t  th ick en ing  a n d  p a r ­
tial o b s t ru c t io n  o f  the f i l t rat ion b a r r i e r  takes place.  T h i s  b a r r i e r  consis ts
Fig. 3A, B, C .  Photom icrograph of renal corpuscles as they are present in: A) im m ature  
freshwater males, B) m a tu re  freshwater males and  C) im m atu re  seawater males. T h e  
d iam eters  of  both glomeruli and  capillary lum ina  of the m a tu re  freshwater (B) and  im ­
m atu re  seawater (C) males are smaller than those of im m atu re  freshwater males (A). (P2) 
second proximal segment. See Fig. 1 for o ther  abbreviations.  S i lverm ethenam ine s ta in ­
ing. x 875.
Fig. 4A, B. Electron micrograph of the basal part of a second proximal tubule cell ol an 
im m atu re  (A) and  of a m a tu re  (B) male. T h e  basal labyrinth (/;) in m a tu re  males, in co n ­
trast to that in im m atures ,  has almost completely d isappeared  and  is replaced by dilated 
cisterns ol the g ran u la r  endoplasmic reticulum (gcr) and  num erous  secretory granules (sg). 
This  together with a well developed nucleolus (nucl) in the nucleus (nu) points to a high 
m ucus secretory activity. (ban ) basal cell m em b ran e .  4A x 34500; 4B x 13000.
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o f  cap i l la ry  e n d o t h e l i u m ,  m e s a n g i u m ,  basal  l a m i n a  a n d  podocy tes  (Fig.  
2). In vivo a n d  in vitro e x p e r im e n t s  have  sh o w n  tha t  these g lo m e r u l a r  
s t ru c tu ra l  c h a n g e s  also a re  in d u c e d  d irec t ly  by te s to s te rone  ( d e  R u i t e r , 
1981). T h e  c h a n g e s  tha t  o ccu r  in the g lom eru l i  of  sexual ly  m a t u r e  m ales  
a re  s im i la r  to those  that  take place in the g lom eru l i  o f  f r e sh w a te r  fish tha t  
m ig ra te  to s eaw a te r .  S ince it is k n o w n  tha t  in the la t te r  these c h a n g e s  are  
c o n n e c te d  w i th  a f i rm red u c t io n  o f  the g l o m e r u l a r  f i l t rat ion ra te  ( G F R )  
a n d  low u r in e  p ro d u c t io n  ( H i c k m a n  & T r u m p , 1969), we have  c o n c lu d e d  
tha t  the G F R  a n d  u r in e  p ro d u c t io n  in sexual ly  m a t u r e  m a les  also is 
r e d u c e d  ( d e  R u i t e r , 1980a, 1981). T h i s  conc lus ion  has  been  c o n f i rm e d  
e x p e r im e n ta l ly  for u r in e  p ro d u c t io n  ( d e  R u i t e r , 1980b).  T h u s  the effects 
of  t e s to s te rone  on the  k idneys  o f  m a le  s t icklebacks  lead to r e d u c t io n  of  
g lo m e r u la r  f i l t ra t ion ( d e  R u i t e r , 1981), the  loss o f  m os t  o f  the ion- 
r e a b so rp t iv e  capac i ty  o f  the n e p h ro n ic  tu b u le s ,  a n d  a f i rm re d u c t io n  of  
u r in e  p r o d u c t io n .  T h e  r e d u c t io n  o f  u r in e  ilow is u n d e r s t a n d a b l e ,  s ince 
the loss of  ion r e a b so rp t iv e  capac i ty  o f  the  n e p h r o n ic  tu b u le s  w o u ld  lead 
to sub s tan t ia l  loss o f  ions a n d  o th e r  v a lu a b le  s u b s ta n c e s  via  the u r in e .  O n  
the o th e r  h a n d ,  the  loss of  the k idneys  as the m a in  p a t h w a y  for the 
e l im in a t io n  o f  osm ot ica l ly  a c c u m u l a t e d  w a te r  will g rea t ly  d i s tu r b  w a te r  
a n d  ion b a lan ce  un less  the loss o f  n o r m a l  k idney  func t ion  is c o m p e n s a t e d  
e lsew here  in the bodv .
Compensatory mechanisms for water el imination
In sexual ly  m a t u r e  m a le  s t icklebacks  l iv ing in f r e sh w a te r  the re  a re  two 
a l t e rn a t iv e  w ays  to d ra in  off  the su rp lu s  of  w a te r ;  via the  secre t ion  of
m u c u s  bv the k idneys ,  a n d  the exc re t ion  o f  in tes t ina l  fluid. T h e  loss o f/ /
w a te r  via rena l  m u c u s  secre t ion  m a y  par t ia l ly  c o m p e n s a t e  the r e d u c t io n  
of  u r in e  exc re t ion .  H o w e v e r ,  we have  d e m o n s t r a t e d  tha t  the m a in  c o m ­
p e n s a to ry  p a th w a y  for the e l im in a t io n  of w a te r  in m a t u r e  m ales  is the  i n ­
tes t ine  ( d e  R u i t e r , 1980b, d e  R u i t e r  et al. , 1985). As has  b een  o b se rv e d  
for som e  o th e r  teleost species ,  s t icklebacks n o rm a l ly  excre te  t h r o u g h  the 
ana l  o p e n i n g  som e  fluid,  p r o d u c e d  in the in tes t ine .  T h i s  fluid is m o re  or  
less iso-osmotic  with the body  fluids. T h e  collect ion o f  this in tes t ina l  fluid 
is co m p l ic a ted  by the c i r c u m s ta n c e  tha t ,  in s t ick lebacks ,  the  u r i n a r y  b l a d ­
d e r  o p en s  into the pos te r io r  p a r t  of  the  in tes t ine ,  a n d  th us  u r in e  is m ixed  
with  in tes t ina l  fluid. U s in g  m ic ro - s u rg e ry  a n d  c a n n u l a t i o n  p ro c e d u re s ,  
we w ere  able  to collect s ep a ra te ly  the fluids p r o d u c e d  in the in tes t ine  a n d  
the k idneys  (Fig.  5). W e  found  tha t  the ra te  o f  in tes t ina l  fluid p ro d u c t io n  
in m a t u r e  m ales  inc reased  u p  to five-fold af ter  g l a n d u l a r  t r a n s f o r m a t io n
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Fig. 5. Schematic  representa tion of the methods used for the collection o f  urine o r  b ladder 
fluid (= urine + renal m ucus)  and  intestinal fluid samples. M ethod  I; After microsurgical 
d isplacement of the anal opening  to the flank, the abdom en  of the fish was subm erged  in 
paraffin oil, which m ade  it possible to collect b ladder  fluid and  intestinal fluid separately, 
both from the bottom of the paraffin bath. M ethod  II; A p e rm an en t  intestinal cannula  
connected with an exchangeable small piastic bag m ade it possible to collect daily in ­
testinal fluid samples from free sw im m ing  fish. For details see d e  R u i t e r , 1980b.
of  the k idneys .  F u r t h e r m o r e ,  the osm ola l i ty  o f  the fluid is r e d u c e d  
s ign if ican t ly ,  possibly  by inc reased  r e a b s o rp t io n  o f  ions f rom this fluid in 
the p o s te r io r  in tes t ine  ( d e  R u i t e r , 1980b, d e  R u i t e r  et al., 1985).
E lec t ron  m icroscop ica l  o b se rv a t io n s  on in tes t inal  a n d  g a l l -b ladde r  
sh o w ed  tha t  the epi thel ia l  cells l in ing  these o rg a n s ,  a re  p ro v id e d  with  a 
well d ev e lo p ed  basal  l a b y r in th ,  s im i la r  to tha t  of  the n e p h ro n ic  tu bu le  
cells ( d e  R u i t e r  et al. ,  1985; Fig. 6). T h e  p resence  o f  such  a l a b y r in th  
p rov ides  s t ru c tu ra l  ev idence  tha t  these  ep i the l ia  a re  c a p ab le  of  
t r a n sc e l lu la r  t r a n s p o r t  o f  w a te r  a n d  ions ( D i a m o n d  & B o s s e r t , 1967, 
1968; B e r r i d g e  & O s c h m a n , 1972).
By m e a n s  o f  m o r p h o m e t r i c a l  t e c h n iq u e s  we es tab l i shed  that  the ex ten t  
of  basa l  l a b y r in th  in the e p i th e l iu m  of  the pos te r io r  in tes t ine  increases  
m a rk e d ly  in sexua l ly  m a t u r e  m ales  a n d  in t e s to s te ro n e - t r ea ted  cas t ra te s  
o r  female  fish ( d e  R u i t e r  et al., 1985). T h u s  in m a t u r e  males  the 
te s to s te rone  in d u c e d  d i s a p p e a r a n c e  o f  most  of  the basal  l a b y r in th  in the 
n e p h r o n ic  tu b u le  cells is a c c o m p a n ie d  by a c o n s id e rab le  increase  in e x ­
tent  o f  this m e m b r a n e  sys tem in the in tes t ine .
Concluding remarks
N e s tb u i ld in g  b e h a v i o u r  in m a le  s t icklebacks  s t rong ly  affects 
h y d r o m i n e r a l  r e g u la t io n .  T h e  t r a n s f o r m a t io n  of the k idneys  into m u c u s
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Fig. 6. Electron m icrograph  of the basal part of  a stickleback intestinal epithelial cell 
provided with a well developed basal labyrin th  (/;). For abbrevia tions  see legends of o ther
figures, x 22000.
g la n d s  leads  to co m p le te  loss o f  n o r m a l  k idney  func t ions .  T h e  loss o f  the 
w a te r  ex c re t in g  capac i ty  o f  the k idneys  is par t ia l ly  c o u n t e r b a l a n c e d  by 
the secre t ion  o f  m u c u s  a n d ,  m o re  im p o r t a n t ly ,  by e n h a n c e d  re lease  o f  in ­
test inal  fluid. O t h e r  k idney  func t ions ,  such  as fo rm a t io n  a n d  rem ova l  of
#
n i t ro g e n o u s  w as te  p ro d u c t s ,  have  not yet been  s tu d ied ,  b u t  m a y  be taken  
o v e r  by the gills.
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All the  c o m p l ic a te d  s t ru c tu ra l  a n d  func t iona l  c h a n g e s  that  follow sex ­
ual m a t u r a t i o n  in m ales  can  be in d u c e d  by a d m in i s t r a t i o n  o f  te s tos te rone/
in c a s t r a te d  m a les  o r  even females.  O u r  in vitro s tud ies  have  show n  tha t  
the g l a n d u l a r  t r a n s f o r m a t io n  o f  the  n e p h r o n i c  tu b u le s  is a d i rec t  effect of  
te s to s te rone  on the t u b u l a r  cells. T h e  processes  a c c o m p a n y i n g  this 
t r a n s f o r m a t io n ,  such as the r e d u c t io n  o f  bo th  the ex ten t  o f  rena l  tu b u le  
basa l  l a b y r in th  a n d  g lo m e r u l a r  f i l t ra t ion ra te ,  the increase  of  in tes t inal  
w a te r  p e rm e a b i l i ty ,  g row th  o f  the basal  l a b y r in th  in the in tes t ina l  cells, 
a n d  e n h a n c e d  secre t ion  o f  in tes t ina l  fluid, a re  also in d u c e d  bv 
te s tos te rone ,  e i the r  d irec t ly  o r  m e d ia t e d  by o th e r  h o rm o n e s .  T h u s ,  in 
s t icklebacks  te s tos te rone  is a g e n u in e  m u l t i fu n c t io n a l  h o r m o n e :  in a d d i ­
tion to the  well k n o w n  contro l  of  s p e rm a to g e n e s i s ,  n u p t ia l  co lo ra t ion  a n d  
r e p ro d u c t iv e  b e h a v io u r  it has  p r o n o u n c e d  effects on h y d r o m in e r a l  
r e g u l a t i o n .
S u m m a r y
Nestbuild ing behaviour,  which takes place in sexually m a tu re  males as a consequence of
a n  e n h a n c e d  l e v e l  t e s t o s t e r o n e  i n  t h e  b l o o d ,  c o n s i d e r a b l y  i n f l u e n c e s  h y d r o m i n e r a l# /
balance. As shown by in vivo and  in vitro experiments  testosterone is directly involved in 
the g landu la r  transform ation  of the nephronic tubule cells into gland cells, that secrete 
mucus for nestbuilding. Light and  electron microscopical observations as well as 
physiological da ta  provide strong evidence that, in sexually m a tu re  males both ion reab- 
sorptive capacity of  most of the nephronic  tubule cells and  g lom eru lar  filtration rate c.q. 
urine production has decreased considerably. As a consequence of this the water balance 
of these fish, living in freshwater, would be greatly d is turbed. H ow ever  in these males the 
intestine and  apparen tly  also the gall-bladder, com pensate  for the loss in renal function in 
m ain ta in ing  hydrom ineral  balance. Again, this is influenced by testosterone.
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